Citation (please note it is advisable to refer to the publisher's version if you intend to cite from this work) The use of dental morphology to estimate ancestry has a long history within dental anthropology. Over the past two decades methods employing dental morphology within forensic anthropology have become more formalized with the incorporation of statistical models. We present here on a new application (rASUDAS) to estimate ancestry of unknown individuals using crown and root morphology of the dentition. The reference sample is composed of 21 traits based on the Arizona State University Dental Anthropology System and represents approximately 30,000 individuals from seven geographic regions. The statistical program was created in R and uses a naïve Bayes classifier algorithm to assign posterior probabilities for individual group assignment. A random sample of 150 individuals from the dataset was chosen and input into the program. In a seven. group analysis, the model was correct in group assignment 51.8% of the time. In a four.group analysis, classification improved to 66.7%, and with only three groups considered the accuracy improved to 72.7%. It is still necessary to validate the program using forensic cases and to augment the reference sample with modern skeletal data. However, we present these results as a proof of concept of the statistical application and the use of dental morphology in the estimation of ancestry.
Scott
: dental non.metrics, quantitative analysis, Arizona State University Dental Anthropology System, Bayesian statistics In 1922, William King Gregory opined "Apart from a few striking cases, presently to be noted, racial characters in the teeth are at most not very conspicuous." The traits he considered variable enough to be noted included shovel.shaped incisors, upper molar cusp number, lower molar cusp number, "Dryopithecus" pattern, and Carabelli's cusp (Gregory 1922:476) . This same sentiment was echoed 35 years later by Lasker and Lee (1957) who wrote that "the extravagant hopes for the use of dental features as 'hallmarks of race' have not been fulfilled" (pg. 401). Based on the literature of their day, these scholars were correct. Relative to developments in the field over the past century, they were far from correct. Dozens of human tooth crown and root traits have been defined since these statements that show patterned geographic variation.
Dental anthropologists have used morphology to address a broad range of historical issues, including the peopling of the Americas and the colonization of Pacific islands (cf. Scott and Turner 1997, for many examples). These biodistance studies are based on comparisons of sample frequencies between three or more groups and fall primarily within the realm of bioarchaeology. The use of dental morphology in forensic anthropology has fallen short of their application in bioarchaeological studies.
Forensic anthropologists often prefer bones to teeth in general and for ancestry estimation in particular (i.e., craniometrics, morphoscopic traits of crania and postcrania). In forensic labs, it is commonplace for individuals to follow methodological guides for finding cranial landmarks that are then used to obtain craniometric measurements. These measurements are input into the widely available Fordisc program that uses discriminant function analysis to assign an individual to one of 13 reference population samples (Jantz and Ousley 2005) . By contrast, dental In the edited volume on the , Rhine (1990) identifies six morphological variants of the teeth as being of forensic significance in the estimation of ancestry. These are Carabelli's cusps ("American Caucasoid"); shoveling of incisors, incisor rotation, enamel extensions, and buccal pits ("Southwestern Mongoloid"); and molar crenulations ("American Black"). Although, little data are provided on trait frequency in these groups. In the second edition of , Reichs (1998) does not include any papers on the role of dental morphology in forensic anthropology. In the , Burns (1999) notes two 'racial' traits in the dentition. In some ways harkening back to Gregory, the two traits noted are shovel.shaped incisors, characterizing Asian and American Indian groups, and Carabelli's cusp, characterizing European.derived populations. In , Byers (2002) only notes one trait for ancestry estimation, shovel.shaped incisors. In the associated laboratory manual, the exercise for 'attributing ancestry using cranial anthroposcopy' has only this trait for teeth: Upper incisors .. Spatulate (Whites), Spatulate (Blacks), Shoveled (Asians). In , Komar and Buikstra (2008) do not mention dental morphology but note that for assessing ancestry "by far the most commonly used is the Fordisc computer program" (pg. 147).
(Dirkmaat 2012) includes a chapter entitled "Morphoscopic Traits and the Assessment of Ancestry" by Hefner, Ousley, and Dirkmaat (2012) . While the authors recognize the promise of dental morphology for ancestry assessment, they note these traits will only be useful when there is: (1) significant reference data from populations around the world; (2)
standardized protocols for scoring traits; and (3) rigorous statistics that can be used with categorical data. These recommendations are addressed in detail later.
The edited volume (Berg and Ta'ala 2015) includes two chapters by dental morphologists who address how dental traits can be used in ancestry estimation. Irish (2015) developed a method that assigns an individual to one of five groups (East Asian, American Indian, White, Polynesian, Black) based on ten crown traits. Although the method works well to determine which of the five group an individual most likely belongs, it does not involve the calculation of a probability. Edgar (2015) presents an overview of previous work (Edgar 2005; 2013) , in which she uses ten crown traits and a logistic regression model to estimate ancestry for four groups (African American, European American, Hispanic from New Mexico, and Hispanic from South Florida). Relative to these four groups, a test sample yielded a correct assignment rate of over 70%. While errors and probabilities are presented in her work, the reference sample is somewhat limited for use in the United States. In contrast to all previous studies, this paper introduces a new application that uses an individual's suite of dental morphological traits that computes a posterior probability for group assignment, i.e. ancestry estimation. and LI2 (Scott 1977) . The general practice is to use key teeth, or those that are defined as the most stable in each tooth class, to avoid the problem of interdependent variables. In describing human tooth districts, Dahlberg (1945) noted that, with few exceptions (i.e., LI1), the key tooth in a tooth district in terms of size, morphology, and number was the most mesial member (e.g., UI1 rather than UI2; UM1 rather than UM2 or UM3). For that reason, UI1 is used as the key tooth for scoring shoveling.
For most other variables, the key tooth in a district is the one employed in characterizing geographic variation (e.g., Carabelli's trait UM1, cusp 5 UM1; cusp 6 LM1, cusp 7 LM1). The 
Selection of variables for rASUDAS
The alpha version of rASUDAS was based on 17 variables listed in Appendix 1 of Scott and Turner (Scott and Turner 1997) . In that appendix, all traits were broken down into two categories (e.g., absent and present, or presence frequencies at and above a certain breakpoint).
For the beta version of the application, some traits on that list were considered too rare (e.g., premolar odontomes, Bushman canine) or were correlated with other variables on the list (e.g., double shoveling correlated with shoveling; 4.cusped LM1 correlated with 4.cusped LM2), and were therefore removed from the beta version. Other traits were added to the beta version (cusp 5 UM1; multiple lingual cusps LP2; UP1 root number), bringing the total number of traits to 21.
In addition, four traits that show a wide range of variation were broken down into finer categories than 0 or +. These traits included UI1 shoveling (0.1, 2.3, 4+), UM2 hypocone (0.1, 2.3, 4+), UM1 Carabelli's trait (0.1, 2.4, 5+), and the LM1 protostylid (0, 1, 2+). Trait classifications and standards are described in Turner et al. (1991) and the forthcoming guidebook by Scott and Irish (2017). (1991) , they nonetheless question the utility of dental morphology until there is sufficient reference data on world populations and standardized protocols for scoring crown and root traits.
Reference data and standards for scoring traits
They also note the need for more rigorous statistics that can be used with categorical data, an issue that is addressed in the methods section.
As to the need for reference data and protocols for scoring traits, these have been around for two decades. The appendix from Scott and Turner (1997) has trait frequencies for 21 world populations based on over 30,000 individuals. Most of the data were collected by C.G. Turner II with African data provided by J.D. Irish (1993) . The only significant geographic omission was South Asia (i.e., India, Pakistan). As for standardized protocol, the paper by Turner et al. (1991) provides descriptions associated with over two dozen standard plaques developed at Arizona
State University across a two decade period (ca. 1970.1991) . Over 400 sets of standard plaques distributed to researchers throughout the world have been used in countless theses and research papers.
Regarding the source of dental data, we grant that this can be improved with additional observations on recent populations throughout the world. For the time being, however, we can evaluate proof of concept using dental data from the extensive archaeologically.derived populations from throughout the world. Regarding standards for scoring crown and root traits, we strongly encourage the addition of new variables to the list already incorporated into ASUDAS. However, we currently have well.developed and widely used standards for the 21 crown and root traits used in rASUDAS, more than sufficient to evaluate the potential of dental morphology for ancestry estimation. In the last paragraph of Scott and Turner (1997:317) , the authors noted: "The geographic differences in dental trait frequency and expression are often pronounced. When these differences are assessed through advanced methods of classification (e.g., discriminant function analysis, Bayes' theorem, neural networks), it will be possible to transcend educated guesses and calculate the probability that an individual belonged to a particular ethnic group."
Distance matrix and cluster analysis
For the alpha version of rASUDAS, 17 regional groups from the Scott and Turner (1997) appendix were used for individual assignment. Although it would be ideal for classifications to be that fine.tuned, it is not reasonable to distinguish Polynesians from Southeast Asians, Australians from Melanesians, etc. To arrive at a more manageable number of categories, Nei's distance matrix was computed using each crown and root trait. From these distances, a hierarchical clustering tree was created using UPGMA algorithm with complete linkage. Based 
World variation in dental morphology for seven major groups
The crown and root trait frequencies for 21 variables in seven major geno.geographic groups are shown in Table 1 . The pattern of variation exhibited by each is described briefly below. They are less frequent in Australo.Melanesians (20%) and rarest in Africans (8%).
UM2 hypocone
The greatest amount of hypocone reduction (0+1 grades) is shown by Western Eurasians (25%).
East Asian and derived populations are intermediate with frequencies of 10.15%. The least amount of hypocone reduction is shown by Australo.Melanesians, Southeast Asians, and Africans (2.8%). Pronounced hypocones (4+) are also in highest frequency in these three groups. This accessory root is most common in East Asia and the American Arctic (20%) followed by Southeast Asia (10%). It is rare in Native Americans, Africans, and Australo.Melanesians (3.
6%) and exceptionally rare in Europeans (<1%). 
LM2 root number

Naïve Bayes classification algorithm
The naïve Bayes classification algorithm was used to calculate the probability that an individual exhibiting a certain suite of morphological traits would be assigned to a particular For any given individual, the posterior probabilities for assignment to one of the seven groups always adds to 1.0. Although the probability for assigning an individual to one of seven groups would never be 1.0, there are some suites of characteristics that would produce a 
Validation
To test the applicability of the model a random sample of 150 individuals from the Turner dataset were chosen and input into the program. Such a test was justified as the program is based on population frequency, not individual data. The goal of this test was to evaluate how an individual of known ancestry and group assignment would classify using these summary data.
Based on the random sample, the overall accuracy of the model in predicting group assignment is 0.518 (95% confidence interval 0.432.0.603).The confusion matrix is presented in Table 2 , which shows group classification. The summary results are in Table 3 , outlining the sensitivity and the positive predictive value for each group. It is clear from these results that the Southeast (Figure 2) , the seven groups were further grouped into four groups: 1) Western Eurasia; 2)Sub.Saharan Africa; 3) Australo.Melanesia and Micronesia, Southeast Asia and Polynesia; and 4) American Arctic and Northeast Asia, East Asia, and American Indian. Model accuracy for four groups is 0.667 (95% confidence interval 0.582 -0.744).
Summary results are provided in Table 4 . This clustering of groups provides better overall classifications and resolves the problem of misclassification with the Southeast Asia and Polynesia group.
A consideration was also given to the standard three.group model that is commonly employed by forensic anthropologists (i.e., Africa, Asia, and Europe). Therefore, a final test was run with only this three.group classification in which reference samples from East Asia, Sub.
Saharan Africa, and Western Eurasia were used. The overall accuracy of this model was 0.727 (95% confidence interval 0.604 -0.830). The summary results are listed in Table 5 .
Discussion of Blind Test Results
The model is successful at predicting group assignment, and appears to perform better when there are fewer groups, which is to be expected. It is worth discussing here the misclassification of the Southeast Asia and Polynesian group in the seven.group analysis. This finding is likely related to the differences in Sinodonty and Sundadonty as described by pattern that lack many of the traits seen in other groups). Much of this is ameliorated when overall group number is reduced (from seven to four).
In these tests we did not differentiate between male and female individuals, as the rate of sexual dimorphism is reportedly low in dental morphology (e.g., Garn et al. 1966; Gašperšič 1994; Harris 2007; Scott 1980 ; Turner 1967) . There is, however, one trait that does appear to consistently show sexual dimorphism: the distal accessory ridge of the canine (Kaul and Prakash 1981; Scott 1977) . As this trait is not one of the main traits considered in this analysis, the reference sample was not further divided by sex. are somewhat limited in their application. We propose there are several advantages to incorporating dental morphology into the biological profile and that they are not subject to some of the shortcomings of other skeletal traits. First, there has been extensive work documenting the heritability and genetics of dental morphology (Berry 1978; Biggerstaff 1973; Harris 1977; Hughes et al. 2016; Kimura et al. 2009; Nichol 1990; Park et al. 2012; Saheki 1958; Scott 1973; Scott and Potter 1984; Sharma 1992; Škrinjarić et al. 1985; Townsend 1992; Townsend et al. 2009; Zhao et al. 2000; Zoubov and Nikityuk 1978) . These traits show little influence from the environment and are therefore strong indicators of inherited population variation. Second, teeth are often well.preserved in forensic contexts, even in cases where remains are highly fragmentary, burned, or otherwise affected by trauma. Finally, the development of dental morphology is directed by distinct biological processes and genes from other parts of the skeleton that are used for ancestry estimation (e.g., craniometrics and cranial morphoscopics). Therefore, the incorporation of dental morphology as part of the biological profile provides a more robust view of human variation and population history.
rASUDAS in a forensic
While extensive work has been done to document secular change in craniometrics (e.g., et al. 1973; Garn et al. 1968; Harris et al. 2001; Kieser et al. 1987) , and cranial morphoscopics (e.g., Vitek 2012), the role of time on population variation in dental morphology is less understood. The current version of rASUDAS has a reference sample that is primarily archaeological and spans several thousand years, which has the potential to limit the application in a medico.legal context. However, some research suggests that secular change is minimal in the expression of dental morphological population variation (Scott 1994). Our ultimate goal is to expand the reference sample to include data on a range of modern individuals throughout the United States and the world that would be more representative of modern forensic casework.
The need to update the reference sample was illustrated in a recent paper by George and Scott (2016) employed rASUDAS to estimate the ancestry of Albuquerque Hispanics. These individuals overwhelmingly classified as Western Eurasians (69%), which illustrates the need for an increased reference sample with various population groups from the United States represented. As the modern reference sample grows, the Christy G. Turner, II sample could eventually be transitioned into an archaeological reference sample, much like the Howells database in Fordisc.
In its current form, rASUDAS can complement other methods in the estimation of ancestry. However, until more research is done on secular change in dental morphology and how this may affect interpretations, we do not recommend it be used as the method of ancestry estimation, at least not in a modern context. If the material appears to be archaeological in nature, rASUDAS can certainly be applied. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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While we recognize the need to augment the reference sample, the current form of rASUDAS has illustrated the applicability of dental morphology in ancestry estimation. The incorporation of dental morphological analyses into forensic anthropological casework has several advantages: 1) there is a robust body of literature outlining the heritability, development, evolution, and population history of dental morphology, which allows for accurate interpretations of results, 2) teeth are not subject to plastic change over one's lifetime, and 3) teeth are often well.preserved when other parts of the skeleton may not be. Further, dental morphology represents a different aspect of the genotype and is the result of distinct evolutionary relationships that go beyond just the mid.face and the shape of the cranial vault. The ability to incorporate more information from the skeleton when assessing ancestry can prove to be critical in creating accurate ancestry estimates. We therefore argue that dental morphology couched in a statistical framework can become an integral part of the methods regularly used by forensic anthropologists in ancestry estimation. Ultimately, the incorporation of more aspects of the phenotype and genotype can lead to overall more accurate estimations of ancestry. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
